Thermodynamic and magnetic properties of GdPd hydride (deuteride) were studied. Each of the pressure-composition isotherms of GdPd-Q (Q ¼ H or D) systems showed a plateau region in 0:05 < [Q]/[GdPd] < 0:4, though hydrogen induced disproportionation of GdPd was observed above [Q]/[GdPd] > 0:4. The disproportionation products were determined to be GdQ 2 and Gd 3 Pd 4 . Enthalpy changes for GdPd hydride formation at [Q]/[GdPd] ¼ 0:2 were evaluated from the isotherms to be ÁH f ¼ À130 kJ/mol H2 and À122 kJ/mol D2 . Magnetization measurements revealed that the effective magnetic moments of GdPd and its hydride were approximately the same as that of Gd 3þ . This indicates that magnetic properties of GdPd and its hydride are governed by gadolinium atoms. In fact, the magnetic ordering temperature and the paramagnetic Curie temperature were also found to be almost invariable with hydrogen content, revealing that electrons from the 1s orbital of absorbed hydrogen bring little influence on the nature of 4f-electrons of gadolinium. [
Introduction
Rare-earth alloys and compounds are well known materials for permanent magnets. It is also known that rare-earth elements react with hydrogen to form metal hydrides. Especially, ternary metal hydrides of rare-earth compounds are attractive for hydrogen storage and Ni-H batteries.
The present authors are particularly interested in GdPd-H system, because both gadolinium and palladium react with hydrogen, although the chemical bonding nature of Gd-H differs from that of Pd-H. Gadolinium hydride shows salt-like behavior owing to the small electronegativity of gadolinium, while palladium hydride demonstrates metallic characters. However the thermodynamic property of GdPd hydride has not been reported so far. On the other hand, the magnetic properties of GdPd and its hydride have been studied by several groups. [1] [2] [3] [4] The magnetic ordering temperature (T C ) of GdPd was determined to be 38 K from the measurement of heat capacity. 1) The paramagnetic Curie temperatures (Â p ) of GdPd and its hydride were found to be 29 K 3, 4) and 20 K, 3, 4) respectively. Loebich and Raub, however, reported that the temperature of GdPd was 46 K. 2) The ternary EuPd-H system, which resembles the GdPd-H system, was studied experimentally 5) and theoretically. 6) The magnetization of EuPdH 3 was evaluated to be 6.9 " B from the calculated electronic structure. 6) It is explained that the magnetization of 6.9 " B is attributable to Eu 2þ having J ¼ 7=2. 6) Therefore, only the europium atoms contribute to the magnetization of EuPdH 3 . It is noted that the total angular momentum quantum number of Eu 2þ is the same as that of Gd 3þ .
The present paper describes thermodynamic and magnetic properties of GdPd hydride. The thermodynamic properties were evaluated from pressure-composition isotherms to appreciate the stability of hydride phase. Subsequently, measurements of magnetization were carried out to clarify the role of hydrogen for magnetic properties.
Experimental

Preparation of GdPd
An ingot of GdPd was prepared by argon arc melting. Source metals were purchased from Rare Metallic Co. Ltd and Tanaka Kikinzoku Kogyou K. K. Thier purities were guaranteed to be Gd > 99:9% and Pd > 99:99%. Prescribed amounts of the source metals were weighed out to make a mixture of 50 at% gadolinium and 50 at% palladium. The mixture and a titanium ingot were put in an argon arc furnace. The furnace was evacuated below 8 Â 10 À4 Pa before it was filled with argon gas (above 99.999% in purity). To remove residual impurities from the argon gas, the titanium ingot was melted in advance and the mixture was melted several times. Subsequently, the GdPd ingot prepared was put into a high vacuum system and heated at 873 K for 5 hours to ensure homogeneity. The ingot was cut to fragments and a fragment was mechanically pulverized to granules with approximate dimension of 3 mm. To confirm the phase of prepared ingot, the X-ray diffraction pattern was measured using Cu-K line as shown in Fig. 1 . Although the diffraction peaks were obscure, they were assigned to those of GdPd (space group; Cmcm), except the peak at 2 ¼ 37:5 . The lattice parameters of the prepared GdPd were determined to be a ¼ 3:761 Â 10 À10 , b ¼ 10:625 Â 10 À10 and c ¼ 4:590 Â 10 À10 m. These values were slightly larger than those reported in literatures. [7] [8] [9] 
Measurement of pressure-composition isotherms
The pressure-composition isotherms (hereafter denoted as p-c curves) for protium and deuterium were measured by means of a volumetric method. The device for measurement consisted of five components such as evacuation pumps, pressure gauges, a standard volume, a sample vessel and a hydrogen gas supplier. The sample granules of 2 g were loaded into the sample vessel to be installed to the device. Then, the vessel was evacuated below 1 Â 10 À5 Pa at ambient temperature. Subsequently, the granules were activated by heat treatment at 873 K for 2 hours under vacuum.
The p-c curves for absorption in a temperature range of 673 to 873 K were measured for protium or deuterium. The purities of H 2 and D 2 gases used were guaranteed to be better than 99.9999% and 99.6%, respectively. These gases were used without further purification. After each measurement, the sample was heated for degassing as well as activation at 873 K for 2 hours under vacuum and subjected a measurement at another temperature.
Measurement of magnetization
GdPd granules of 0.5 g were put into the sample vessel to prepare GdPd hydride. The vessel was connected to the same device as measurement of p-c curve. The granules were activated by vacuum heating at 873 K for 2 hours after the vessel was evacuated below 1 Â 10 À5 Pa at ambient temperature. The granules were then cooled to 373 K. Subsequently, a given amount of hydrogen was gradually loaded to the sample at 373 K to prevent the hydrogen induced dispropotionation of GdPd. After hydrogen absorption was equilibrated, the granules were cooled to ambient temperature. The granules were taken out from the vessel to air. A granule about 25 mg was taken up for measurements of magnetization. Magnetizations of GdPd and of its hydride were measured by Quantum Design MPMS-7 equipped with SQUID amplifier which can generate a strong magnetic field of up to 7 T. The granule picked up was put into a plastic tube in air and fixed to the sample holder of the magnetometer. The measurements of magnetization were carried out by a cooling mode in a temperature range of 300 K to 4.2 K under helium atmosphere. Figures 2 and 3 show absorption p-c curves for protium and for deuterium, respectively. The abscissa represents the atomic fraction of the amount of hydrogen absorbed in GdPd. Each of the isotherms gave a clear plateau region in the concentration range of 0.05 < [Q (= H or D)]/[GdPd] < 0.4. It is also seen in these figures that the equilibrium pressure of deuterium is slightly higher than that of protium at a given temperature. For instance, the equilibrium pressures of [Q]/[GdPd] ¼ 0:2 at 873 K were found to be P eq,H2 ¼ 4:9 kPa and P eq,D2 ¼ 5:7 kPa.
Results and Discussion
Thermodynamic properties of GdPdQ x
The equilibrium pressure at a given temperature, however, suddenly increased around To confirm the disproportionation, GdPdQ 0:5 prepared at 773 K was subjected to X-ray diffraction analysis. Figure 4 shows the X-ray diffraction patterns of GdPdQ 0:5 . The pattern of the prepared GdPdQ 0:5 consisted of GdQ 2 10) and Gd 3 Pd 4 . 8) This fact clearly demonstrates that the disproportionation of GdPd took place as, The disproportionation could be justified thermochemically by using reported data 10, 11) in Table 1 . The change in the Gibbs free energy for eq. (1) was obtained to be À95800 þ 107T (J/mol H2 ) where T denotes temperature (K). The result indicates that the GdPd-hydrogen system produces the disproportionation products as eq. (1) below 895 K. This kind of disproportionation has been also observed in Eu-Pd-hydrogen system. 5) For instance, Eu 5 Pd 2 reacts with hydrogen as follows,
The disproportionation of EuPd 2 5) was not observed below 400 K at p(H 2 ) ¼ 600 kPa, though it took place at p(H 2 ) > 2 MPa as
Hydrogen absorbing alloys are liable to disproportionate under high hydrogen pressure and the disproportionated phases are regenerated by heating at high temperature. 12) From the viewpoints mentioned above, the sharp increase in the equilibrium pressure above [Q]/[GdPd] > 0:4 as seen in Figs. 2 and 3 is ascribed to the hydrogen solution into the disproportionation products, GdQ 2 . On the other hand, the plateau pressure in the range of 0:05 < [Q]/[GdPd] < 0:4 was higher than the equilibrium pressure over GdH 2 . 10) Therefore, the plateau pressures at a given temperature correspond to the equilibrium pressures of GdPdQ x , and the thermodynamic properties of GdPdQ x can be evaluated from the plateau pressures on p-c curves. The thermodynamic properties of GdPdQ x formation were evaluated at the hydrogen concentration of [Q]/[GdPd] ¼ 0:2 from van't Hoff plots as shown in Fig. 5 . The plots for both protium and deuterium yielded straight lines, and the line of deuterium system lies above that of protium. The enthalpies and entropies changes were obtained from Fig. 5 and the results were summarized in Table 2 together with data from the literature. 10) The enthalpies of GdPdQ 0:2 were À130 kJ/mol H2 and À122 kJ/mol D2 , respectively. Since the enthalpy changes for GdPdQ 0:2 formation are considerably negative, the equilibrium pressure at room temperature is too low to measure by conventional capacitance manometers. Pure gadolinium and protium forms more stable hydride phases than GdPd does. On the other hand, the difference in the enthalpy changes between protium and deuterium was ÁH f ,D2 À ÁH f ,H2 ¼ 8 kJ/mol Q2 . It indicates that the formation of GdPdH 0:2 is more exothermic than that of GdPdD 0:2 . This isotope effect is slightly larger than those observed for other rare-earth elements. 10) However, to discusse the isotope effect from the view of the energy of hydrogen occupation site in GdPd, detailed measurements of p-c curves in solubility region, [Q]/[GdPd] < 0:01, are required.
Magnetic properties of GdPdQ x
GdPdQ x were prepared under low hydrogen pressure at 373 K to prevent the disproportionation of GdPd. The X-ray diffraction patterns of prepared GdPdH x at 373 K are shown 
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in Fig. 6 . The patterns hardly depend on the protium contents. It indicated that the crystal structure of GdPd was preserved during hydrogenation at 373 K. Figure 7 shows the magnetic field dependence of magnetization of GdPd and its deuteride at 4.2 K. The magnetization of GdPd exhibited a ferromagnetic behavior and was almost saturated around 1 T. The magnetization at 7 T was found to be 37.7 Am 2 mol À1 (6.75 " B ). It is very close to the theoretical value for Gd 3þ of 7 " B . On the other hand, its deuterides was hard to achieve the saturation with increasing deuterium content. Figures 8  and 9 show the magnetic susceptibilities of GdPdQ x at a magnetic field of 1 T as a function of temperature. The ordinate and the abscissa represent the magnetic susceptibility and the temperature, respectively. The susceptibilitytemperature curves for different specimens coincide well among each other. The susceptibility drastically changed around 40 K. This shape of the curve is the characteristic of ferromagnetic ordering. However, the magnitude of susceptibility of GdPdD x is smaller than that of GdPdH x . The magnetic ordering temperatures of the specimens were evaluated by applying Brillouin function, 13) where the saturation values of magnetizations were assumed to correspond with the magnetization at 4.2 K under 1 T. The observed magnetizations did not attain the theoretical value for Gd 3þ of 7 " B below the field of 7 T. The reason for this different magnetization behavior against external field is unclear, but crystal defects induced by deuterium absorption perhaps disturbed domain wall displacements and rotations of magnetic domains. The obtained ordering temperatures were summarized in Table 3 . There appeared no strong dependence of the ordering temperature on the hydrogen content. An average value of the ordering temperatures of GdPdQ x was found to be about 45 K, with experimental error of 5 K. Tishin et al. 1) reported the ordering temperature of GdPd to be 38 K that was determined from the temperature dependence of the heat capacity. The present average value of the ordering temperature seems to be a little larger than their value. This is probably due to the externally applied field which enhanced the ferromagnetic exchange interactions between the magnetic ions, resulting in the shift of the order temperature toward higher side. To discuss further details, however, more rigorous measurements should be done. There were no signals of magnetic transitions due to disproportionation products on the magnetization versus temperature curves in Figs. 8 and 9 . For instance, the Néel temperature of GdH 2 10,14) is reported to be 22 K and 30.5 K; Gd 3 Pd 4 has the Néel temperature of 18 K. 3, 15) Consequently, the ordering temperatures observed were ascribed to GdPd and GdPdQ x . It should be mentioned here that the disproportionation products was not observed by the X-ray diffraction patterns as shown in Fig. 6 .
The susceptibility for each specimen above 60 K was rather small and decreased with increasing temperature. The effective magnetic moments " eff and the paramagnetic Curie temperature Â p were estimated from the temperature dependence of the magnetic susceptibility assuming the Curie-Weiss law. Figures 10 and 11 show the reciprocal susceptibility versus temperature, in which the solid lines represent results of the least-square fits of the data points above 50 K to a straight line. The deduced values of " eff and Â p are summarized in Table 3 together with the data from the literature. [1] [2] [3] [4] The effective magnetic moment of GdPd agreed well with the reported values by Loebich and Raub. 2) The present values of " eff and Â p are found to be almost constant against the hydrogen content, and the obtained " eff are close to the Gd 3þ free ion value of 7.94 " B . These results indicate that the exchange interaction and the electronic structure of the Gd ions are little affected by hydrogenation in the studied range of hydrogen content. This fact suggests that the 1s orbital of absorbed hydrogen hardly interacts with the 4f orbital of gadolinium, i.e. the orbital electrons in the rare earth metals do not take part in the chemical bonding with hydrogen. Consequently, the magnetic properties of GdPd-Q system can be attributed to gadolinium atoms. Buschow and De Mooij, 3) De Vries et al. 4) reported that effective magnetic moments of GdPd and GdPdH x are 9.83 " B and 8.27 " B , respectively. Their results imply that there are localized magnetic moments in both Gd and Pd sites of GdPd, contributing to " eff , and the magnitudes of the localized magnetic moments depend on the hydrogen content. A theoretical study of the electronic structure of EuPdH 3 by Orgaz, 6) however, reported that Pd and H atoms did not have any magnetic contributions, and only Eu ions dominate the magnetic behavior. The present results are consistent with this theoretical work.
Conclusions
The thermodynamic and magnetic properties of GdPdQ x were measured. A plateau region of 0:05 < [Q]/[GdPd] < 0:4 was observed on the isotherms in a temperature range of 673 to 873 K. The pressures of plateau region at 873 K were found to be 4.9 kPa for protium and 5.7 kPa for deuterium. The isotope effect for equilibrium pressure indicateted that GdPdH x was more stable than GdPdD x . The enthalpy changes of hydride formation evaluated from isotherms were found to be À130 kJ/mol H2 and À122 kJ/mol D2 . On the other hand, the hydrogen induced disproportionation for GdPd at [Q]/[GdPd] ¼ 0:5, 4GdPd þ Q 2 ! GdQ 2 þ Gd 3 Pd 4 , was observed at 773 K.
The magnetic ordering temperature of GdPdQ x was not affected by hydrogen content. Similarly, the effective magnetic moments were almost independent of the hydrogen content. It means that the 1s orbital of absorbed hydrogen interacts little with the 4f orbital of gadolinium.
